High-purity Fe-18Cr-14Ni/Si, Mn, P, S, C, N alloys and high-purity Fe-18Cr-16Ni/Mo alloys were prepared by a cold crucible method to investigate the intrinsic effects of alloying elements on the tensile properties of Fe-18Cr-(14-16)Ni alloys at room temperature. The results show that C and N interstitials had the greatest solid-solution strengthening effect, followed by the ferrite-forming substitutional elements Mo and Si, while Mn, P and S, had little or no solid-solution strengthening effect. Grain refinement caused a decrease in elongation and an increase in tensile strength and the magnitude was considerable in Fe-18Cr-16Ni-Mo alloys. The addition of Mo to Fe-18Cr-16Ni alloys caused an increase in both the internal stress σ 0 and coefficient k in the Hall-Petch relation (σ 0.2 = σ 0 + kd −1/2 ; where σ 0.2 , d, and σ 0 and k are 0.2% proof stress, grain diameter, and constants, respectively). The 0.2% proof stress of high-purity Fe-18Cr-16Ni alloys obeyed the equation, 0.2% PS (MPa) = 80.9 + 19.4(Mo) + {0.314 + 0.048(Mo)} × d −1/2 , where the parentheses indicate Mo content in at% and d is the average grain size in m.
Introduction
Austenitic stainless steels, such as type 304 and 316 stainless steels, are widely applied as structural materials in many kinds of plants. 1) Important properties of structural materials include mechanical properties and corrosion resistance. Generally, such properties depend on both the alloying and impurity elements. Regarding mechanical properties, effects of various elements on the 0.2% proof stress and tensile strength of Fe-Cr-Ni alloys have been investigated systematically.
2-4)
Pickering 2) has reported that the relationship between the 0.2% proof stress and the grain diameter of austenite stainless steels obeys the Hall-Petch relation 5, 6) (σ 0.2 = σ 0 + k y d −1/2 , where σ 0.2 is 0.2% proof stress, d is the grain diameter, and σ 0 and k y are constants influenced by chemical compositions) and also showed a relationship between σ 0 and the content of alloying elements. Norström has reported that the addition of N increases both σ 0 and k y of type 316 steel.
3) Varin and Kurzydlowski have reported that doping of type 316L steel with 30 ppm B increases k y . 7) However, commercial stainless steels contain various impurities, and some impurities may screen the intrinsic effects of alloying elements. Thus, intrinsic effects of alloying elements on the tensile properties of Fe-Cr-Ni alloy have not yet been clarified.
In this work, we have investigated the effects of alloying elements on the tensile properties of high-purity Fe-Cr-Ni alloys, through tensile tests and microstructural observations. We have prepared high-purity Fe-18Cr-14Ni and Fe-18Cr-16Ni alloys, which contain only the target elements of this study. Effects of Si, Mn, P, S, C and N on the tensile properties, particularly solid-solution hardening, were investigated using high-purity Fe-18Cr-14Ni alloys. Effects of Mo on the tensile properties, particularly σ 0 and k y in the Hall-Petch relation, were investigated using high-purity Fe-18Cr-16Ni alloys.
Experimental Procedure
High-purity Fe-Cr-Ni alloys were made from high-purity electrolytic iron (99.995%), high-purity chromium (99.99%), high purity nickel (99.99%) and other high-purity alloying elements (Si, Mn, Mo, C, P, and S) by induction melting in a copper cold crucible under high-purity Ar atmosphere. A nitrogen-doped alloy was made by changing the atmosphere to N 2 . Table 1 shows chemical compositions of the melted  alloys. After melting, ingots were cut into plates of 18 mm in thickness. Then the plates were rolled into plates of 7 mm in thickness. The plates were annealed in a vacuum better than 2 × 10 −3 Pa at 1473 K for 7.2 ks (2 h) for homogenization, and then quenched into an oil bath at 273 K. The plates were rolled further into sheets of 1 mm in thickness. Tensile test specimens with a gauge section of 20 mm in length and 3 mm in width were machined from these sheets. Fe-18Cr-14Ni alloys were annealed in a vacuum better than 2 × 10 −3 Pa at a temperature of 1123 or 1373 K for 1.8 ks (0.5 h) for recrystallization, and then quenched from each temperature into an oil bath at 273 K. Fe-18Cr-16Ni alloys were annealed at six different temperatures between 1123 and 1373 K for recrystallization.
Tensile tests at 293 K were performed on Fe-18Cr-14Ni and Fe-18Cr-16Ni alloys at initial strain rates of 4.2 × 10 −3 s −1 and 4.2 × 10 −4 s −1 , respectively. The grips of the specimens were observed by optical microscopy to measure average grain sizes after tensile tests. The specimens for optical microscopy were prepared in the following manner: mechanical polishing, electrolytic polishing in a 90%CH 3 COOH-10%HClO 4 solution, and then electrolytic etching in 62% nitric acid.
The microstructure of tensile-tested specimens was observed using a transmission electron microscope (TEM) operated at 200 kV. The concentration of alloying elements in the vicinity of grain boundaries was measured using a For grain size 2, annealing twins were taken into account. The grain sizes of 18-14-5Si and 18-14-1Mn-2Si were not measured because of the generation of δ-ferrite.
field emission transmission electron microscope (FE-TEM) operated at 300 kV and equipped for energy dispersive X-ray (EDX) analysis. TEM disks for microstructural observation were cut parallel to the tensile axis from the non-necked region, and specimens for EDX analysis were cut from the grip. The disks were finished by electropolishing in a 90%CH 3 COOH-10%HClO 4 solution. Figure 1 shows the typical optical microstructure of high-purity Fe-18Cr-14Ni alloys after the recrystallization treatment. The microstructure was composed of a single austenitic phase containing annealing twins. Table 1 shows average grain sizes. For grain size 2, annealing twins were taken into account. The grain sizes were not determined for 18-14-2Si and 18-14-5Si alloys, because of the difficulty of observing the microstructure. Figures 2 and 3 show the relationships between the content of alloying elements (P, S, C and N) and the tensile properties of the alloys heated at 1123 and 1373 K, respectively. The largest increase in the 0.2% proof stress (PS) was caused by addition of C, followed by N. Addition of P or S has no obvious influence on the tensile properties. Addition of 0.05C increased the 0.2% PS and the ultimate tensile strength (UTS), and decreased elongation, particularly after heating at 1123 K. TEM observation revealed the precipitation of carbides in 0.05C-doped alloys, as shown in Fig. 4 . Figures 5 and 6 show the relationships between the content of alloying elements (Si and Mn) and the tensile properties of the alloys heated at 1123 and 1373 K, respectively. Addition of Mn had no obvious influence on the tensile properties. Addition of 5Si considerably increased the 0.2% PS and the tensile strength, and decreased elongation, although no obvious effect was observed in the alloys containing < 2Si. Addition of 2Si to 18-14-1Mn also induced large increases in the 0.2% PS and UTS, and a large decrease in elongation. TEM observation revealed the existence of δ-ferrite in 18-14-5Si and 18-14-1Mn-2Si alloys, as shown in Fig. 7 . Generally, the grain size in polycrystalline metals has a strong influence on the tensile properties. The relationship between the 0.2% PS and the average grain size obeys the Hall-Petch relation. 5, 6) The dependence of the content of alloying elements on σ 0 , which is independent of grain size, must be known to clarify the effect of the alloying element on the 0.2% PS, because the addition of alloying elements to a 18-14 alloy changes the average grain sizes as shown in Table 1 . Hence, we obtained σ 0 from the relationship between the 0.2% PS and the average grain size by a regression analysis, as shown in Table 2 . The data for 18-14-0.05C, 18-14-5Si and 18-14-1Mn-2Si 2 Relationships between the contents of alloying elements (P, S, C and N) and tensile properties (0.2% proof stress, ultimate tensile strength, elongation) of high-purity Fe-18Cr-14Ni alloys heated at 1123 K. Fig. 3 Relationships between the contents of alloying elements (P, S, C and N) and tensile properties (0.2% proof stress, ultimate tensile strength, elongation) of high-purity Fe-18Cr-14Ni alloys heated at 1373 K. alloys were excluded, since these alloys contained secondary phases (carbides or δ-ferrite). Figures 8 and 9 show the effects of alloying elements P, C, N and S, and alloying elements Mn and Si, on σ 0 , respectively. The largest increase in σ 0 was caused by the addition of N, followed by C, Si, S and P. On the contrary, addition of Mn slightly decreased σ 0 . The changes of σ 0 per atomic percent of alloying element were 11.3, −1.8, 8.7, 157.8, 219.6, 6.3 and 6.9 MPa/at% for Si, Mn, Si (in 18-14-1Mn), C, N, P and S, respectively. Furthermore, we obtained the relationship between UTS and the average grain size 2, because UTS is dependent on the sizes of Figure 10 shows the relationship between the grain size and the elongation. The elongation decreased with decreasing grain size following the same slope irrespective of alloying elements, although the addition of 0.05C or 0.09N decreased the elongation without following this slope. Figure 11 shows the relationship between UTS and the elongation. The elongation was reciprocally proportional to UTS for most alloys. Data for 18-14-1Mn-2Si and 18-14-5Si alloys could be deviated from this relationship, probably because of their duplex structure. The existence of δ-ferrite may improve the tensile properties, while the precipitation of carbides improves UTS but deteriorates the elongation. Figure 12 shows the relationship between the Mo content and the tensile properties of high-purity Fe-18Cr-16Ni alloys, heated at temperatures between 1123 and 1373 K. Addition of Mo caused increases in the 0.2% PS and UTS, and a decrease in elongation. Table 2 shows σ 0 and k in the Hall-Petch relation for Fe-18Cr-16Ni alloys, which were obtained from the relation- ship between the 0.2% PS and average grain size by a regression analysis. Figure 13 shows the effect of Mo on σ 0 and k. Addition of Mo caused increases in both σ 0 and k. The changes of σ 0 and k per atomic percent of Mo (∆σ 0 /at%, ∆k/at%) were 19.4 MPa/at% and 0.048 MPa·m 1/2 /at%, respectively. The increase of ∆k/at% due to Mo addition was the largest compared to the other substitutional elements, Si and Mn, as shown in Table 2 .
Results and Discussion

Effect of Si, Mn, P, S, C and N on the tensile properties of high-purity Fe-18Cr-14Ni alloys
Effect of Mo on the tensile properties of high-purity Fe-18Cr-16Ni alloys
We have measured the concentrations of alloying elements in the vicinity of grain boundaries to examine the possibility of grain-boundary segregation, using EDX of FE-TEM. Figure 14 shows TEM micrographs of 18-16-2Mo alloy with a grain size of 70 µm, heated at 1373 K. A grain boundary and a twin boundary were observed. The identical diffraction patterns from both sides of the twin boundary indicates that the boundary is a 3 coherent boundary with a habit plane of (111). EDX analysis in the vicinity of both grain boundaries and twin boundaries in 18-16-2Mo alloy, with grain sizes of 6 or 70 µm, revealed no obvious segregation of alloying elements. Hence, we suppose that the change of k due to Mo is not caused by grain-boundary segregation.
Eshelby et al. have reported that the coefficient k is dependent on the stress required for the leading dislocation of a pileup to penetrate into the adjacent grain.
9) Suzuki and Nakanishi have reported that the addition of Al and Ni to a pure Cu metal increases the stress required for the leading dislocation of a pileup to pass through the grain boundary, because a large modulus misfit due to Al or Ni addition firmly pins the grain boundary up. 10, 11) We believe that the increase in k of 18-16 alloys upon Mo addition is caused by an effect similar to that of the addition of alloying elements to pure Cu, because the atomic radius of Mo is much larger than those of Fe, Cr and Ni. Figure 15 shows the relationship between the grain size and the elongation of Fe-18Cr-16Ni alloys. The elongation decreased with decreasing grain size in 18-16 alloys. Addition of Mo enhanced this tendency.
As described in Sections 3.1 and 3.2, the coefficient k in the Hall-Petch relation is influenced by both interstitial and substitutional elements. The 0.2% PS of high-purity Fe-18Cr-14Ni alloys and high-purity Fe-18Cr-16Ni alloys obeys the following equations. Fig. 10 Relationship between the grain size and the elongation of high-purity Fe-18Cr-14Ni alloys. Fig. 11 Relationship between the ultimate tensile strength and the elongation of high-purity Fe-18Cr-14Ni alloys. Fig. 12 Relationships between the content of Mo and the tensile properties (0.2% proof stress, ultimate tensile strength, elongation) of high-purity Fe-18Cr-16Ni alloys. 
The parentheses indicate the alloying element content in at% and d is the average grain size in m.
Solid-solution hardening by alloying elements
The change of σ 0 per atomic percent (∆σ 0 /at%) represents intrinsic solid-solution hardening by alloying elements. Fleischer and Hibbard have reported that the degree of strengthening due to alloying elements is dependent on the atomic-size mismatch and the modulus mismatch.
12) Dyson and Holmes have measured the change in the lattice parameter upon the addition of alloying elements as a function of interatomic distance, using X-ray analysis, and showed that the increase in the 0.2% PS per at% of alloying element is dependent on the change in the lattice parameter. 14) The change in lattice parameter of −0.00011 nm/at% on adding P can be obtained from Irvine et al. ' s results. Figure 16 shows the relationship between the absolute value of the change in the lattice parameter due to adding alloying elements and the increase in σ 0 , along with the curve obtained by Dyson and Holmes. The increase in σ 0 due to the addition of Mn, P, Si, Mo, C and N is dependent on the change in the lattice parameter. The increase in σ 0 due to N and C addition was large in comparison with Dyson and Holmes's curve. Measurement of the lattice parameters in high-purity Fe-Cr-Ni alloys will be required to clarify the reason for the large increase due to N and C addition. 
Conclusions
Effects of various alloying elements on tensile properties of high-purity Fe-18Cr-14(16)Ni/Si, Mn, Mo, P, S, C, N alloys at 293 K were investigated through tensile tests and mi-crostructural observations. The following results were obtained;
(1) N and C interstitials had the greatest solid-solution strengthening effect, followed by Mo and Si, the ferriteforming substitutional elements, while Mn, P and S had little or no solid-solution strengthening effect.
(2) Grain refinement caused a decrease in elongation and an increase in tensile strength, and the magnitudes of which were considerable in Fe-18Cr-16Ni-Mo alloys. 
